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Abstract

We study the activation of copper tags and steel tags falbddeom the Main Injector lam-
inations by the flux of secondary particles near Main Injectdlimator C307. 1.% diameter
and smaller tags were activated for periods from 3 to 28 d&y® locations are used for the
activation, providing different activating spectra antéga Using a HPGe detector at the Fermi-
lab Radiation Analysis Facility (RAF), we measure and apaljey ray spectra to identify the
isotopes which have been produced. Normalization to theiflccomplished by activation
studies on Al tags. Detailed decay corrections are aidedutsegby-pulse loss measurements
with the Beam Loss Monitor device LI307. Copper and steelidaies the regions where beam
loss activates the Main Injector tunnel so this will helpritiy the isotopes which dominate
the residual radiation. This work is in parallel with a si@tibn study with MARS[1][2] and
DeTra[3] which informs the measurements. The combinatfairoulation and measurement
will benchmark the simulation system.

1 Introduction

In the Main Injector tunnel, we have localized beam lossehvbreate residual radiation of
sufficient levels to require analysis when planning tunnstallation and maintenance activities.
In order to better understand the observed residual radiatol down[4], [5], [6], [7], we have
activated samples of copper and of Main Injector laminasitael in secondary fluxes produced by
loss of 8 GeV protons. Measurements of the resulting gammetigpn with a HPGe detector allow
the identification of the isotopes produced.

A series of detailed residual radiation cool down measurgsnieave been carried out near
Main Injector Collimator C307. Beams-doc-3717 [7] repamssome of these. A high range Geiger
counter for these studies was placed at a forward locationghielded”) downstream and above
the end of the stainless steel core of C307. Another couttdiglded”) was placed outside the
marble shield on the aisle side above the beam line at appately the longitudinal center. Images
of these locations are provided in Appendix A. Differenaeghie cool down shapes for residual
radiation at these locations were reported[7]. We chossetlueations for the activation study since
they experience different spectra of secondary particdesadl as very different rates.

The Radiation Analysis Facility has a shielded box for ofiencof the HPGe spectrometer.
Routine studies using 7'Sliameter Al disks (tags) employ convenient mounting haréwehich is
well understood. This study was designed to use this haedwaitial measurements revealed that
multi-week exposures of steel and copper using the sameetkamisks resulted in initial activities
beyond the rates permitted by the system dead time. Thekg wire cooled down to provide
information on longer half life isotopes. Smaller disks (ith$”) were fabricated and exposed for
shorter times to allow measurement of short half life isetop

Since the spatial pattern of beam loss at C307 remains eanstanpling the loss at Beam
Loss Monitor (BLM) L1307 (integrated for each beam pulse)yides the time history of the activa-
tion. In a separate study (Beams-doc-ActAnal) we have meddhe secondary hadron flux at the
“Shielded” location and related it to the loss recorded b307 and to the beam lost on C307 using
the Al activation technique. Using the tools developed inj#e can provide a decay correction for
activation of isotopes with half life greater than a coupldours. We will correct the measured
isotope spectra using this information.
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Table 1: Nominal Parameters for 1.Bctivation Analysis Disks

Aluminum Disks

Density 2.7 gm/cnd

Diameter 1.5 in 38.1 mm
Mass 2.31 gm

Volume 0.86 cn?

Thickness 0.08 cm 29.54 mils
Steel Disks

Density 7.85 gm/cm

Thickness 60 mils 1.52 mm
Diameter 1.5 in 38.1 mm
\Volume 1.74 cnt

Mass 13.64 gm

Cu Disks

Density 8.94 gm/cm

Thickness 44 mils 1.12 mm
Diameter 1.5 in 38.1 mm
\Volume 1.27 cnt

Mass 11.39 gm

2 Creating and Placing Samples

2.1 Cuand Al Samples

Activation analysis samples (tags) of pure Al and pure Cwelmeen secured and labeled by the
Radiation Safety Group. Cu samples were obtained from Ve@upps at RAF. Al Samples were
obtained from both Vernon Cupps and from Gary Lautenschldgpech tag has a number imprinted
(stamped) on its surface. Records are available for thesmfreach numbered tag. Table 1 gives
the nominal properties of the tags. The measured mass ofthples removed on July 22 was
3.058 and 3.048 gm for Al tags and 10.797 gm for the Cu tag.

2.2 Steel Samples

To provide a definite source of steel for analysis, we setettte lamination steel used for Main
Injector dipoles, quadrupoles and sextupoles. We haventake sextupole lamination (1.52 mm
nominal thickness) and cut I.®liameter tags using a water jet cutter. These tags have anabmi
weight of 13.64 grams. The tag removed on July 22 has a mas3.80d gm. Each sample was
then numbered using stamps. For smaller tags, we used dme stEel tags (and one of the Cu tags)
and punched smaller circular disks (somewhat deformed fiatrby the punch). Sample diameters
are shown below for the smaller samples.

In view of the critical magnetic performance requirementsttte Main Injector steel, careful
chemical analysis was performed on each heat (batch) oft¢le¢ sTable 2 provides the reported
chemical analysis on one run of the steel. We believe the lesmysed for this activation study
are typical of the whole production. This report will assutinat any chemical variations are small
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Table 2: Chemical Analysis of Main Injector Steel Prepargd BV Steel on 2/22/1995. It reports
values from 16 steel slabs from 8 heats in FERMI RUN 6 produactor Main Injector. Weight
percent is the average for the 16 slabs.

weight | Uncertainty | Std Atomic molar molar
Element| percent| on weight %| Weight percent fraction
Fe Balance 55.845 9.907E-01
C 0.0033 0.0008 12.0107 | 0.000709738 7.097E-06
Mn 0.5200 0.0100 54.938045| 0.5115549 | 5.116E-03
P 0.0510 0.0030 30.973762 | 0.028286541 2.829E-04
S 0.0060 0.0010 32.065 | 0.003445071 3.445E-05
Si 0.3600 0.0100 28.0855 | 0.181050766/ 1.811E-03
Al 0.2760 0.0290 26.9815386| 0.133349533 1.333E-03
N 0.0023 0.0002 14.0067 | 0.000576872 5.769E-06
Sb 0.0330 0.0027 121.76 | 0.071950577| 7.195E-04

compared with other measurement uncertainties. We notethtbaanalysis form used for each
slab listed percent values for several other elements lsugtiantities were not transferred to the
summary. We believe that the amounts show may have repeeséntits but in any case those
elements are unlikely to be significant.

2.3 “Unshielded” and “Shielded” Sampling Locations

Packets of tags for activation analysis were prepared. laoement at the “Unshielded” (down-
stream above beam line) location, they sit on the vacuummeid for the C307 collimator at about
50 milliradian angle with respect to the lost proton intéi@ts (assuming interactions take place at
the end of the tapered portion of the vacuum weldmerit ftbin the upstream end). The “Shielded”
location is on the aisle side of C307 just above the aluminuppsrt channel for the marble, near
the longitudinal center. This puts them"labove beam height, 27rom beam center line and about
18’ downstream of the interaction point. This suggests we anpkiag deep in the shower at about
60° from the beam direction. The shielding is provided by the isnd marble which surrounds the
stainless steel vacuum box in which the lost beam interacts.

2.4 Samples placed on June 7

Table 3 lists the samples installed on June 7, 2011 to begjiration studies.

Table 3: Activation Samples Installed on June 7, 2011

Sample C307 Shielded C307 Unshielded
Al #5954 #5955
Cu #1617 #1618
Fe (first) #001 #002
Fe (second #011 #012

These samples were removed at various times as shown below.
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2.5 Samples placed on July 22

In response to the discovery that the initial samples weveddioactive for measuring short
half life isotopes using the RAF HPGe spectrometer, a nevofseamples was prepared. Lower
counting rates were achieved by reducing the exposure titdog creating samples with smaller
diameters. Cu samples were punched from Cu tag #1623 widtd Samples were punched from
tag #018. Other tags are identified by the punched id. Theerahgample sizes was selected to
cover the uncertainty in when an additional access woulddssiple. The reduction in expected
activation is indicated in the ‘Fraction’ column by showithg ratio of area (or weight) for this tag
compared with the 1’5diameter tags of the same material. Each punched tag hagjaeusize
(shown by the diameter of the punch in inches) to aid ideatific. Table 4 describes the samples
installed on July 22.

Table 4: Activation Samples Installed on July 22, 2011

Sample | C307 Shielded Fraction| C307 Unshielded Fraction
Al 15" #6271 #1612
Cul¥ #1621 #1622
Steel 1.3 #003 #004
Cu #1623 13/16 | 0.2934 7132 0.0214
Cu #1623 1/2 0.1111 3/16 0.0156
Steel #018 13/16 | 0.2934 7132 0.0214
Steel #018 1/2 0.1111 3/16 0.0156

3 Removing and Measuring Samples

This study was accomplished while the HEP Program requitehge of PBar beam in the
Recycler Ring. Access to the Main Injector tunnel was ret&td since entry required that the ‘stash’
of antiprotons be used or destroyed. Coordination with thggam requirements was achieved with
the help of the Run Coordinators.

3.1 Samples Removed on July 5

After 28 days of exposure, we chose to remove one of the stgelfftom each sample location.
Fe #011 and Fe #012 were removed and delivered to the RAF &ysas. Deadtime considera-
tions limit samples to an observed residual activity of lliRdd/hr. Both samples were too hot to
measure on July 5. Fe #011 was measured later that week bOtlRadmains too hot for analysis
after 2 months.
Upon delivery to RAF, these tags were assigned to Work Reguiekl-162. Results from
MI collimator Tag #011 are available in the report for thisrwoequest dated 8/22/2011.

3.2 Samples Removed on July 22

When the activity from the tags removed on July 5 was knowforiethbegan to obtain the tags
shown in Table 4. When access was available on July 22, 20dXemoved the remaining sam-
ple which had been installed on June 7. These samples weaverddl to RAF for analysis and
were assigned as Work Request #: 11-179. The results foAl#§954, St-#001, Cu#1617 (from
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“Shielded” location) and Al#5955 (from “Unshielded” logat) are in the report for this work re-
quest dated 8/31/2011. As expected, the Steel and Cu safmpheghe “Unshielded” location
remain quite hot.

3.3 Samples Removed on July 26

An access was made on July 26 and the samples from the JulgtaRlation at the “Unshielded”
locations were retrieved and delivered to RAF where theyevesisigned Work Request #: 11-181
(Al) and Work Request #: 11-182 (Cu and Steel). Reports fesehtwo work requests are dated
September 16, 2011.

3.4 Samples Removed on August 5

An access was made on August 5 and the samples from the JulgtaRation at the “Shielded”
locations were retrieved and delivered to RAF where theyevassigned Work Request #: 11-196.
Results for Al Tag #6271, Steel 13/16 and Cu 13/16 are providea report dated 17 September
2011.

4 Activation with Correction for Decay

The observed isotopes and their approximate abundanckesenised to inform our efforts to
study the decay of residual radiation on the Main Injecton&l. For that purpose, the results pro-
vided in the RAF standard reports are sufficient. We havetiaddl goals, however. In a parallel
efforts, a study of losses in this collimator and of the piidun of isotopes in these samples is un-
derway using the codes MARS and DeTra. For that purpose gtayccorrections during exposure
is needed in addition to the correction applied to the repotich correct “back to the time of sam-
pling.” The technique to express the results in terms of #ardn fluence (integral of the flux) will
be documented here. We will then re-express these resubistigation with the simulated uniform
flux for 30 days (activation decay correction) and cool doanZ hours which is the specification
we will apply in the simulations. The reader should note Wigttiout considering a cool down time,
one might expect an unmanageable list of isotopes with $ladirtife. The planning goal for major
repair or upgrade activities would involve cool down fromaydo a week or more as minimum.
However, the monitoring techniques which have been usedvelop data on the residual radiation
in the Main Injector[4] involve accesses which include sameasurements after about 2 hours of
cool down.

4.1 Isotope Production

In a beam of particles, nuclear interactions produce netepss. The number of new nuclei is
proportional to the fluencep, measured in particles per unit area (particles-en In a material
with ny target atoms per unit volume, an interaction with cross@ect, will producen, atoms per
unit volume of isotopé

n = ®nro. (1)
The activity,Sa (Bq per cn?), produced byy atoms per cri

UL In2  ®nroin2

(2)

T by, iy
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We will want the specific activity per gram of target mater& = S/pr (Bq per gram).

nin2  ®nro;In2

Su(Ba/gm) = 3)

Substituting fomy with prNa/Ar we have

prti,  Priye

®Nag; In2
Sa(Ba/gm) = =377 @

®Nao; In2
AT tl/2 3.7x102

Sa(pCi/gm) = (5)

4.2 Isotope Production with Decay

Equation 5 describes the activity for each isotope prodibgetie fluenceb before considering
the decay losses during irradiation and during cooldowm.skoulations, we will assume uniform
irradiation and fix cooldown times. A standard formula wildy:

Su(te) (Ba/gm) = 20, 9P (1 et/ g s (6)

Ay dt

wheret; is the radiation timei; is the cooldown time® is the fluence (integrated flux). The
correction for cooldown after irradiation is expressed bg terme /T, Note that fort; > 1,
(1- e*‘i/f') =- 1, and we reach a saturation activity determined by the flate(or fluence per
second). On the other hand, fp T,, we have

Sa(te) (Ba/gm) = Z_O.I @ (1— e—tl/TI) —tc/Ti 7)

I
which approaches
Na @ [
Sa(te)(Ba/gm) ~ A H(l_ EI)
showing that the activity is proportional to the fluencedrir producing the new isotope) divided
by 1, to give the decay rate but with a correction for the decayrduniradiation. We will derive
formulas for non-uniform irradiation but express them sat the correction from ideal is apparent

for both extremes of half life.

g te/m (8)

4.3 Activation Decay Correction Using Detailed History

We have details of the activation time history using the Bleédard. We use the fluence from
the activation of Al tags. To correct the measured actwiftr decay during irradiation, we apply
the half life weighted BLM histories as follows. We sum loss pulse (per Main Injector Cycle)
using

tj+Ts

Llj = t; LI(t) 9)

where the sum intervals used is 10 minutes for each quahtiy. To account for decays, we will
weight these to provide an exponentially weighted sum bpiess the life time using the half life

W(l,Ty) = Z|_|,Inz (Tw=Tj) /a2 (10)
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whereTy is the radiation measurement tinig,is the quanta time artg,, is the half life for isotope
I. With times in second4,W is in units of Rads/sec. The sum loss without weighting

In2
L I,T LI; 11
( M ; Jtl/z ( )

now allows the correction we need. We can provide the flueneetivity(corrected for decays) by

® S L,Tw)
®uyncorr SA( uncorr) LW(' ; Tm )

For our case of nearly uniform irradiation, this will progua similar result as will Equation 13. For
long half life isotopes, this correction will not be largedasomparison of corrected and uncorrected
results will be apparent.

Compare this correction for decay during irradiation wiie uniform irradiation formula
when expressed similarly

(12)

_SH T

Sa(uncorr)

However, for short half life isotopes, with~ T, or even larger, this correction will become very

large and the more natural comparison will be to correct dte. A\WWe note that for long exposures,
the observed activation is proportional to the rate.

(1—e /M) (13)

4.4 Activity per Loss Unit Formula

In order to conveniently handle all the isotopes in the saasbibn, we will find the weighted
loss for each half life. We will (have) corrected activity ool down decay and then report activity
divided by weighted loss. Identifying the activity afterrgection for cool down a$a(meas) =
Sa(uncorr), we will reportSa(meas) /LW (1, Tw).

4.4.1 Expression for Intermediate Times

Since we will use a spreadsheet for some of the calculationgdlf life weighted loss, we
will want to be able to select the beginning time for the expesf interest from a table of losses
beginning at an earlier time. Let us callthe time for starting the exposure of interest.

I TM ZLI In2 TM TJ /t]_/z_ZLI In22 (TS TJ)/tl/Zz (TM Ts /t1/2+ Z LI In22 (TM_Tj>/t1/2
"t : t/2 J1/2
i=ls
(14)
In2 _
LW(I, T) = LW(I, Tg)2~Mm=T)/tz Z Lljz—2" (Tw=Ti)/ta/2 (15)
i=ls 1/2

LW (1, T — To) = LW(1, Ti) — LW(1, To)2~ (/2 (16)

5 Results

/pgph To present results which allow one to compare varigps®ires but are based as much as
possible on a limited set of corrections, we will report tesusingSa(meas) /LW (1, Ty).
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Table 5: Steel Sample Results

10

Sample Half Life St#011 St #001 St 13/16 St 7/32
days Shielded Shielded Shielded uUnsh
Sa/LW (pCi/gm)/(Rad/sec)
Ar-42/K-42 12020.4 1392982123
Br-76 0.675 20446.77714
Co-60 1925.8 125187.5187 105940.1334
Cr-48 0.898333333 222153.1138
Cr-51 27.7 245010.1823 271837.8763 242451.3012| 24039254.19
Fe-52 0.344791667| 1322.988563 269300.8471
Fe-59 44.5 268904.3206| 294192.7459 290835.3828
K-43 0.9292 319548.6949
Mn-52 5.591 77112.24603 98914.88615 64942.63109 7048553.439
Mn-54 312.2 543565.8771 533645.6271 531673.6862 52966453.76
Mn-56 0.1074 7419593.43 | 36583306.78
Na-24 0.62329 4273.697197| 247468.0199
Sb-122 2.7 550171.0866| 627952.3381 493593.8886/ 955758.1545
Sb-124 60.2 241274.3449 233152.0454 54501.8855
Sc-44m 2.44 7720.14845| 5525.314692 3037.456571 1277618.711
Sc-46 83.83 13254.16048 15748.69149 3033686.894
Sc-47 3.341 8420.425724 14087.07368 9221.844052 1215488.398
Sc-48 1.82 1657.115699 2414.911169 206489.6475
Ti-44/Sc-44| 17275.85 | 3839025.219 21443922.69 10182005060
V-48 15.98 46454.806 | 48793.6764 | 36671.19463 5976232.916
Sc-44 0.165416667| 7.068E+03 15243.2645 | 3225776.152
K-42 0.515 407469.3997
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Table 6: Ratios for Steel Samples
Sa/LW Shielded Unshielded
Sample Half Life Average St#011 St#001| St13/16| St7/32
days Shielded /average | /average| /average| /average
Ar-42/K-42 | 12020.4
Br-76 0.675 20446.7
Co-60 1925.8 115563.8 | 1.083275996 0.9167
Cr-48 0.8983
Cr-51 27.7 253099.7 | 0.968037886/ 1.0740 | 0.9579 94.979
Fe-52 0.34479 1322.99 203.55
Fe-59 44.5 284644.15 | 0.944703486/ 1.0335 | 1.0218
K-43 0.9292
Mn-52 5.591 80323.25 | 0.960023926/ 1.2314 | 0.8085 87.75
Mn-54 312.2 536295.06 | 1.013557488 0.9951 | 0.9914 98.76
Mn-56 0.1074 | 7419593.43 4.9306
Na-24 0.623 4273.69 57.90
Sb-122 2.7 557239.10 | 0.987316005 1.1269 | 0.8858 1.715
Sbh-124 60.2 176309.43 | 1.368471053 1.3224 | 0.3091
Sc-44m 2.44 5427.64 | 1.422376684| 1.0180 | 0.5596 | 235.391
Sc-46 83.83 14501.43 | 0.913990148 1.0860 209.199
Sc-47 3.341 10576.45 | 0.796148751] 1.3319 | 0.8719 | 114.924
Sc-48 1.82 2036.01 | 0.813902144 1.1861 | 101.419
Ti-44/Sc-44| 17275.85| 12641473.96 0.303684937| 1.6963 | 805.444
V-48 15.98 43973.23 | 1.05643389| 1.1096 | 0.8339 | 135.906
Sc-44 0.1654 | 11155.585 | 0.633575524 1.3664 | 289.162
K-42 0.515
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6 Discussion

A few of the measurement results are particularly intemgstiVe had recognized the possibility
of producing various isotopes which have half live valugsveen 15 and 80 days. We believed that
the limited residual radiation data we are able to obtainld/owt be appropriate for identifying
these isotopes by separating the contribution to cool dowasurements. We have added the half
life values for°XCr and®®Fe to the array of possibilities we consider for fitting resibradiation to
BLM history[4]. Several other items deserve separate cemation.

6.1 Secular Equilibrium: Do we see long lived isotopes fromheir daughters?

We have examples of isotope pairs which can occur with ptimluof a long lived isotope in
combination with a short lived daugher. Once the originplyduced daughters decay, one achieves
secular equilibrium between the long lived and short livethponents. We identify the decay of
the short lived isotope and then must have additional dalatm about what is produced. Table 7
shows the examples in these measurements. We identify plagsefrom the decays of K-42 and
Sc-44.

Table 7: Secular Equilibrium Candidates

Ar-42/K-42
Ar-42 12020.4 dayg 32.9 years
K-42 0.515 days 12.360 hours
Ti-44/Sc-44
Ti-44 17275.85 days 47.3 years
Sc-44 0.1654 days 3.97 hours

In the copper samples, we only see Sc-44 in the 'Unshieldadpée (Cu-7/32) which was
counted quickly. If we assume we produced Sc-44 directlgpjtears at about the same rate as
Sc-44m. In the steel samples, we see both K-42 and Sc-44 ibtishielded’ sample (Steel-7/32)
which was counted quickly. We also see Sc-44 in the 'Shiéldachple (Steel-13/16) which was
counted quickly and also in Steel#011. Since we have othmeples which should have adequate
sensitivity but were measured after more delay, most orfahe activity must be due to the pro-
duction of the short lived isotopes.

6.2 Antimony Activation

Ouir first surprise when examining the activation of steel@ant011 was the appearance resid-
ual radiation fromt??Sb and*?“Sh. As noted in Table 2, Sb is only 0.0330% by weight. By taking
the activation measurements and half life values in the mreasents for Sample #011 or #001, we
can see an interesting range for the effect of Sb on the obdersidual radiation near activated
Main Injector steel. after two days, the contribution is 2% depending on the activation history.
After 60 to 90 days cool down, these results imply that the selopes contribute about 25% of
the residual radiation. After some consideration, we stisiet neutron capture is responsible for
much of this activation. We note that the molar fraction'dSb is 0.5721 and fot?3Sb the mo-
lar fraction is 0.4279. Fortunately the high loss pointshia Main Injector frequently do not have
Main Injector laminations at the loss locations. Attenttorthis issue is needed when examining
the MARS/DeTra simulation for sample activation.
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6.3 How is®°Fe Produced

We notice that the measured spectra include significaniptmoh of>°Fe in the steel samples.
Looking at the materials in the steel, we notice that pura ircludes 4 isotopes®®Fe is only
0.00282 mole fraction. We might not be surprised if the maitMARS calculation fails to sample
the reaction for neutron capture #fiFe which will producé®Fe due to limited statistics. We expect
to examine this carefully.

7 Summary and Conclusions
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A Locations for Activation Tag Placement

Figure 1. Placement of Geiger Tube for measurement of rakidwliation at “Shielded” location
on Collimator C307

The locations for this activation study were chosen to mapadis where we have carried out
a series of residual radiation cool down measurments. Otteesé was reported in [7]. Photos for
that document allow one to identify these locations. Fiduskows the location for the “Shielded”
activation tags. Figure 2 shows the location for the “Unisléid” activation tags.
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Figure 2: Placement of Geiger Tube for measurement of rakrddiation at “Unshielded” location
on Collimator C307
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